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I have been interested in regenerative medicine using induced pluripotent stem cells (iPSCs) and worked on related 
projects as a clinician and researcher when I was working in Japan. However, I realized that there are still some 
problems to be solved, such as low efficiency of reprogramming, heterogeneity of cells, and genomic instability 
(Yoshihara et al. Stem Cell Rev Rep. 2017; Yoshihara et al. Cell Rep. 2017). During the fellowship period, first I 
studied the role of genes associated with early human embryonic development for application to novel 
reprogramming technologies. By targeting these promoter regions or genes, I succeeded in i) high fidelity 
reprogramming with CRISPR activation, and ii) transcriptional reprogramming of human embryonic stem cells to 
blastomere-like cells. Furthermore, using the iPSC-derived neuroepithelial stem cells and neural progenitor cell lines, 
I revealed transcriptomic changes during neuronal differentiation. Finally, I investigated the human tissue samples 
by targeted RNA-seq and single-cell RNA-seq for clinical applications (*equally contributed, #corresponding author). �
 
I. Investigation of the role of DUX4 during early human embryonic development 
In the oocyte-to-embryo transition, fertilized oocyte undergoes final maturation and embryonic genome is gradually 
activated during the first three cell divisions. In human, how this transition is coordinated and which factors drive 
this process are still largely unknown. Our group previously identified DUX4 as an early regulator of human 
embryonic genome activation (EGA; Töhönen et al. bioRxiv. 2017).  

Here I studied the role of DUX4 during human early development by transcriptome and epigenome 
analysis. Although DUX4 knockdown (siDUX4) human zygotes did not arrest during the two-day culture after 
microinjection, significant number of maternal transcripts which should be degraded during the oocyte-to-embryo 
transition were retained in the siDUX4 zygotes. When DUX4 was overexpressed in human embryonic stem cells 
(hESCs), I discovered that 23 out of the 32 genes typically activated during the transition from oocyte to 4-cell stage 
were significantly upregulated (Figure 1). Interestingly, regions that gained chromatin accessibility by DUX4 
overexpression were overrepresented with ERVL-MaLR retrotransposon long terminal repeat (LTR) elements, which 
were significantly enriched with DUX4 binding sites. These observations indicate that DUX4 modulates the 
degradation of maternal transcripts and works as a powerful activator of early embryonic genes and LTR elements 
during the oocyte-to-embryo transition. These results provide us better understanding of regulatory mechanism 
during the first days of human embryonic development and new insights into the stem cell technologies (Vuoristo, 
Hydén-Granskog, Yoshihara et al. bioRxiv. 2020). 

 

 
Figure 1. Differentially expressed genes by DUX4 overexpression in human embryonic stem cells (red: upregulated, 
blue: downregulated, gray: not significant). Pie charts represent the proportion of these genes in minor and major 
embryonic genome activation (EGA) genes.  
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FE130507, FE463525, FE533694: 
Minor EGA genes we previously 
cloned from human embryo.

LEUTX, ZSCAN4, 
TRIM48: Known 
DUX4-target genes.



II. More direct and synchronized reprogramming by CRISPR activators 
Our group first reported that human skin fibroblasts can be reprogrammed into iPSCs using CRISPR/Cas9-based 
gene activation system (CRISPRa) targeting endogenous OCT4, SOX2, KLF4, MYC, and LIN28A (OSKML) 
promoters in addition with Alu-motif, which is enriched upstream of genes involved in embryonic genome activation 
(EEA-motif; Weltner et al. Nat Commun. 2018).  

Here we succeeded in reprogramming human lymphoblastoid cell lines (LCLs) into iPSCs using CRISPRa 
targeting endogenous OSKML promoters and EEA-motif, albeit with the low reprogramming efficiency. However, 
the efficiency was drastically improved when LCLs were transfected in addition with the guides targeting specific 
region (confidential), which is known to promote pluripotency. We found cell colonies during the reprogramming 
process were larger and more homogeneous with our method than those with the conventional transgenic method. 
Furthermore, by single-cell transcriptome analysis, I revealed that our method reprogrammed the cells towards the 
pluripotent state more directly and quickly, whereas the iPSCs generated with conventional transgenic method 
showed higher heterogeneity including differentiating into other cell fates during the reprogramming process (Figure 
2). I further confirmed that iPSCs at late passage showed similar expression profile between the different methods. 
These findings indicate that our novel method can generate high-quality iPSCs by direct reprogramming route with 
increased reprogramming speed and self-renewal capability (Sokka, Yoshihara et al. submitted). 

 

 �
Figure 2. Characterization of cells during the reprogramming process with different methods at single-cell level. 
(Left) Diffusion map pseudotime analysis showing the predicted order of the samples. (Right) Cell type annotation. 
Conventional: conventional transgenic method, EEA-only: CRISPRa targeting OSKML with EEA-motif, 
Additional-only: CRISPRa targeting OSKML with the specific region, Combination: CRISPRa targeting OSKML, 
EEA-motif, and the specific region. 
�

III. Transcriptional reprogramming of human embryonic stem cells to blastomere-like cells 
Our group investigated the dynamics of the human preimplantation transcriptome and identified several transcription 
factors that are upregulated during the early embryogenesis (Töhönen et al. Nat Commun. 2015). These observations 
prompted us to test whether these transcription factors can reprogram the cells into an early embryonic-like state, 
earlier than blastocyst where embryonic stem cells (ESCs) are derived from. However, unexpectedly, overexpression 
of these genes were too unphysiological for somatic cells in many cases. Therefore we changed our initial plan and 
aimed to convert the human ESCs (hESCs) to blastomere-like cells. I designed and started this project, and identified 
the condition where the EGA genes could be activated with little cytotoxicity.   
 We performed time-series single-cell RNA-seq (scRNA-seq) on the hESCs collected at 6 h, 12 h, 24 h, 
and 48 h after induction and without induction, and I discovered that over 6% of cells collected at 12 h after induction 
showed similar expression profile with 8-cell stage cells (Figure 3). Interestingly, these cells showed upregulation 
of EGA genes and downregulation of pluripotency marker genes as observed in mouse 2-cell-like cells (2CLCs; 
Macfarlan et al. Nature, 2012) which has never been reported in human. I further found that a subpopulation of cells 
collected at 24/48 h after induction showed a high signature of naïve pluripotent stem cells, which is known to 
represent a relatively earlier developmental stage than primed pluripotent stem cells, suggesting that reprogrammed 
cells can differentiate. Finally, I identified a cell surface marker that is highly expressed in 8-cell stage cells and 
succeeded in the enrichment of the reprogrammed cells by fluorescence-activated cell sorting (FACS) with an 
antibody against the extracellular domain of this protein. These cells can become a powerful tool to model 
transcriptional dynamics and regulation during early human embryogenesis (Yoshihara# et al. submitted). 
�
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�
Figure 3. Cell type annotation with human preimplantation embryos and hESCs. The right four panels show the 
magnified plots of the cells annotated as early embryonic stage cells. Numbers in parentheses indicate the number 
of the annotated cells. P0: passage 0, P10: passage 10.�
�

IV. Gene expression profiling of neuronal cell differentiation using cell models 
Because the regulatory mechanism of neuronal differentiation is still largely unknown, we set up several models 
derived from iPSCs or embryo for studying neuronal differentiation, and investigated transcriptional changes during 
the differentiation. 
 
i) iPSC-derived neuroepithelial stem cells (NES) 
Developmental dyslexia is a neurodevelopmental condition with complex genetic mechanisms. A number of 
candidate genes have been identified, however, expression and regulation of these genes in human brain development 
and neuronal differentiation remain uncharted (Kere, Biochem Biophys Res Commun. 2014). Here I characterized 
the gene expression changes during the differentiation process of NES derived from iPSCs (Figure 4-1), and found 
that genes related to cilia are significantly enriched among the upregulated genes. I also found several candidate 
genes of developmental dyslexia are also upregulated during the differentiation. These results suggest a role of ciliary 
genes in neuronal differentiation and show that NES cells can provide a relevant human neuronal model to study 
developmental dyslexia (Bieder*, Yoshihara* et al. Mol Neurobiol. 2020) 
 

 
Figure 4-1. Study design (left) and principal component analysis (right) of the neuronal differentiation model. 
 
ii) Lund human mesencephalic (LUHMES) cell line 
I also characterized the gene expression changes during the differentiation process of LUHMES cell line, derived 
from human fetal mesencephalon. Here I found again that ciliary genes are upregulated during differentiation, and 
also discovered that the binding motif activity of RFX transcription factors, which are known to be key ciliogenic 
regulators, are drastically upregulated during the differentiation (Figure 4-2). I further demonstrated that gene 
expression dynamics of LUHMES differentiation mimic that of human fetal midbrain in vivo, using the publicly 
available single cell RNA-seq data (La Manno et al. Cell. 2016). These findings indicate that LUHMES is a good 
human neuronal cell model to study cilia for the neuronal development (Lauter*, Coschiera*, Yoshihara* et al. J Cell 
Sci. 2020).  
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Figure 4-2. RFX3 and RFX2 binding motif activity changes during LUHMES differentiation into neurons. Different 
line colors represent independent sequencing libraries analyzed. 
 
iii) Neural progenitor cells derived from cystatin B (CSTB)-deficient embryonic mouse brain 
Cystatin B (CSTB) is an endogenous cysteine protease inhibitor and known to be a causative gene for progressive 
myoclonus epilepsy EPM1 (Unverricht-Lundborg disease). However, its function has been poorly characterized 
(Pennacchio et al. Science. 1996). Cstb-knockout mice recapitulate key features of EPM1 including myoclonus, 
ataxia and progressive brain degeneration. In this study, I performed transcriptome analysis of neural progenitor cells 
derived from wild type and Cstb-knockout embryonic mouse brain during the differentiation process. Here I 
identified several differentially expressed genes between them, many of which are known to be involved in 
neuroinflammation. Furthermore, I found genes associated with mitochondrial respiration were significantly 
enriched in the downregulated genes in Cstb-knockout (Figure 4-3). We confirmed that the oxygen consumption 
rate decreased in Cstb-knockout, suggesting the mitochondrial disfunction by Cstb deficiency (Daura, Tegelberg, 
Yoshihara et al. Neurobiol Dis. 2021). 
�

 
Figure 4-3. Gene set enrichment analysis of the differentially expressed genes between wild type and Cstb-knockout 
at day 5 post-differentiation for the GO term “electron transport chain”. 
 
V. Single-cell analysis of human ovarian cortex to investigate the existence of oogonial stem cells 
There have been several reports suggesting that adult ovaries contain oogonial stem cells (OSCs) which are capable 
of differentiating into oocytes (White et al. Nat Med. 2012). If such stem cells can be isolated and proliferated in 
vitro, this would provide a new approach for infertility treatments for young women receiving cancer therapies such 
as chemotherapies. However, the existence of OSCs has been questioned by many researchers including our group 
(Zhang et al. Nat Med. 2015).  

In this study, we performed single cell RNA-seq on healthy human ovarian cortex cells and identified six main 
cell types; oocytes, granulosa cells, immune cells, endothelial cells, perivascular cells, and stromal cells. I further 
integrated these data with the single cell RNA-seq data of human fetal ovaries (Li et al. Cell Stem Cell. 2017), and 
discovered that none of these adult cells clustered with meiotic fetal germ cells (FGCs; Figure 5). Although a small 
number of adult cells clustered together with mitotic FGCs, none of them expressed pluripotency markers, germline 
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3. Discussion 

In the present study, we establish the cysteine protease inhibitor 
CSTB as a regulator of chromatin structure. We show that CSTB modu-
lates the proteolytic cleavage of the N-terminal tail of histone H3 during 
neural stem cell differentiation. Absence of CSTB leads to premature 
initiation of H3 tail cleavage in undifferentiated neural progenitors and 
impaired mitochondrial respiratory function in differentiating cells. Our 
findings have important implications to the molecular pathogenesis of 
CSTB dysfunction, revealing the origins of epigenetic regulation in the 
associated human diseases. 

CSTB was found to specifically regulate H3 tail cleavage at threonine 
22 by cathepsins B and L. Proteolytic processing of histone H3 at this site 
is an evolutionary conserved mechanism previously linked to a multi-
tude of cellular functions, namely yeast sporulation and starvation, 
malaria parasite infection, mammalian embryonic stem cell differenti-
ation, and oncogene-induced senescence (Duarte et al., 2014; Duncan 
et al., 2008; Herrera-Solorio et al., 2019; Santos-Rosa et al., 2009; 
Vossaert et al., 2014). Our data demonstrate that this mechanism is also 
pivotal in timing the induction of differentiation of neural progenitor 
cells with CSTB delimiting the temporal window and cell-type specificity 
of the proteolytic event. Despite H3cs1 being the best described mo-
dality of histone H3 tail cleavage, little is known about the upstream 
molecular mechanisms. Our study provides an important contribution to 
the understanding of these mechanisms, revealing CSTB as an endoge-
nous regulator of histone cleavage and linking this process to human 
brain diseases. Over a dozen enzymes have been shown to proteolyti-
cally process the N-terminal tail of histone H3 in a biological context (Yi 
and Kim, 2018). Of these, only cathepsin L and an as yet unidentified 

serine protease involved in yeast sporulation have been linked to H3cs1 
(Duarte et al., 2014; Duncan et al., 2008; Santos-Rosa et al., 2009). 
Interestingly, our data strongly suggest that in NPCs cathepsin L and 
cathepsin B are responsible for H3cs1. This finding, therefore, identifies 
a third protease to this specific cleavage mechanism. 

Considering the degree of complexity found in the mammalian brain, 
it is perhaps not unexpected to find redundancy in the machinery 
driving neural stem cell differentiation. Indeed, overlapping functions 
for these cathepsin proteases in the nervous system have previously been 
implicated in genetically modified mice lacking either cathepsin L or B. 
Single knockouts of either gene are viable, whereas double-knockouts 
develop severe brain atrophy and die shortly after birth (Felbor et al., 
2002; Halangk et al., 2000; Nakagawa et al., 1998). Cathepsin B was 
recently shown to participate in chromosome segregation during mitosis 
(Hamalisto et al., 2020) through a mechanism of proteolytic processing 
of histone H3 in the C-proximal or globular domain. This requires direct 
leakage of lysosomes onto the chromatin upon disintegration of the 
nuclear envelope during mitosis. In contrast, the mechanism we estab-
lish here for H3 tail cleavage is intrinsically distinct and occurs prefer-
entially in non-dividing cells. Together, the data support the view that a 
common group of enzymes has evolved to mediate both homeostatic and 
epigenetic signaling functions through histone degradation and tail 
cleavage, respectively, depending on the biological context (Dhaenens 
et al., 2015). 

Our data imply that CSTB plays a dual role in the regulation of H3 tail 
cleavage. Proteolysis in wt NPCs was limited to the early stages of dif-
ferentiation, whereas in Cstb−/− cells this occurred before the induction 
of differentiation and persisted throughout differentiation. Neural cells 
lacking CSTB are thus exposed to the continuous removal of histone tails 
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Fig. 7. Mitochondrial dysfunction upon differentiation of Cstb−/− NPCs. A: GSEA of differentially expressed genes in Cstb−/− NPCs for the GO term “electron 
transport chain” before differentiation (uD) and during differentiation (day 5 pD). Genes are ranked from left to right from the most downregulated to the most 
upregulated in Cstb−/− NPCs, respectively (one black line = one gene). B: Mitochondrial respiratory capacity measurements using high-resolution respirometry in wt 
and Cstb−/− NPCs before and during differentiation. The scatter plots depict the average rate (± SEM) of oxygen consumption (pmol/s) by maximally coupled 
respiration (state III) through oxidative phosphorylation complexes I and II (CI&CII-linked OXPHOS) and individually assessed IV (CIV) normalized to protein input 
(n = 5; C1&CII-linked OXPHOS: t(4) = 5.303, p = 0.006, paired t-test; CIC: t(4) = 4.276, p = 0.013, paired t-test). 
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markers, or oocyte markers. There results suggest that human adult ovaries do not harbor OSCs (Wagner, Yoshihara 
et al. Nat Commun. 2020). This paper was featured in some news media (The Scientist Magazine. ‘Single-Cell 
Analysis of Ovarian Cortex Fails to Find Stem Cells’ https://www.the-scientist.com/news-opinion/single-cell-
analysis-of-ovarian-cortex-fails-to-find-stem-cells-67232). 
 

 
Figure 5. (a) UMAP plot showing sample origin of fetal (black) and adult cells (C-sec data, grey). (b) UMAP plot 
showing nine clusters representing different cell types. The same clusters as in adult tissue were found, as well as 
three new ones: mitotic fetal germ cells (FGCs), retinoic acid responsive FGCs, and meiotic FGCs. 

 
VI. Targeted gene expression analysis of human preeclampsia placentas 
As a medical doctor, I have been interested in the development of novel diagnostic methods or treatments by using 
transcriptome technologies. Preeclampsia is a serious pregnancy complication that threatens the wellbeing of both 
mother and fetus, which can cause the prematurity or even death. Here we utilized human placenta tissue samples 
derived from normal and severe preeclamptic donors and performed TAC-seq (Targeted Allele Counting by 
sequencing; Teder et al. NPJ Genom Med. 2018). I found HLA-G, regulating the immunotolerance against fetus, and 
its receptors (LILRB1 and LILRB2) are downregulated and IFNA1 (interferon alpha 1) is most highly upregulated in 
severe preeclamptic placentas (Figure 6) (Wedenoja, Yoshihara et al. EBioMedicine. 2020). These results suggest 
that loss of immunotolerance against fetus lead to the onset of preeclampsia, and hydroxychloroquine which is known 
to reduce the IFNa production might be effective as a treatment. As a matter of fact, it has been recently reported 
that hydroxychloroquine-treated SLE (systemic lupus erythematosus) patients showed lower risk of preeclampsia 
(Seo et al. Lupus. 2019). We are now planning a clinical trial of hydroxychloroquine treatment against preeclampsia. 
 

 
Figure 6. Volcano plot of downregulated (blue dots) and upregulated (red dots) genes (adjusted P < 0.05) in placentas 
with severe preeclampsia (n=81) versus controls (n=63). 

 

this, the expression of DDX4 C-terminus by DDX4 Ab on the
surface of a cell line overexpressing DDX4 from a plasmid was
recently reported52. In addition, several groups have been able to
isolate a varying amount of cells from the ovarian cortex using
this antibody, ranging from 1.7 to 42.7%9,13,19,20,25. In our

experiments, the population size varies from 5 to 11.5%. The
variation could be explained by the organization of the vascu-
lature in the ovary. The initial manual trimming of the poorly
vascularized ovarian cortex can lead to contamination with the
highly vascularized medulla (see Fig. 1a), which could affect the
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Fig. 7 Investigation of potential germline stem cells in the adult human ovarian cortex. Data sets of unsorted and sorted ovarian cortex cells were used
individually for integration with scRNA-seq data set of human fetal tissue cells22. a UMAP plot showing sample origin of fetal (black) and adult cells (C-sec
data, grey). b UMAP showing nine clusters representing different cell types annotated based on differential gene expression analysis. The same clusters as
in adult tissue were found, as well as three new ones: mitotic fetal germ cells, retinoic acid responsive FGCs, and meiotic FGCs. c Table listing cell numbers
from adult and fetal data sets per annotated cluster. One cell of C-sec sample, one cell of DDX4 Ab+ sample and two cells of DDX4 Ab− sample clustered
with mitotic FGCs of the fetal sample (in red). These four cells were manually clustered together and studied further with violin plots. d Violin plots
displaying expression scores of known pluripotency, germline and oocyte markers in the different FGC clusters in addition to adult oocyte cluster and the
four adult ovarian cells clustering with mitotic FGCs. C-sec Cesarean section patient, FGCs fetal germ cells, GRP gender reassignemnt patient, NA non-
annotated, UMAP uniform manifold approximation and projection.
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